




ABSTRACT 
L 

Difficulties encountered in USBR structures due to  flow-induced 
vibrations show the need for  recognizing that s imilar  problems can 
occur elsewhere and indicate what measures can be taken to  avoid 
o r  control them. Vibrations severe enough to  interfere with oper- 
ation and cause structural damage in several  radial gate installa- 
tions in canal check structures were caused by control shifting from 
the flexiblG bottom seals  to the backing plates and back again. It 
was eliminated by redesigning the seals  to  produce a positive spring 
point. In Parker  Dam Powerplant, serious turbine runner blade 
vibration was induced by vortex t ra i ls  in the flow behind the blades. 
Tapering the trailing edges of the blades changed the frequency of 
vortex shedding and eliminated the resonant condition. At Grand 
Coulee Pumping Plant vibration in the steel  portions of the discharge 
lines was greatly reduced by modifying the pumps to  lower the mag- 
nitude of periodic jmpulses, and by stiffening the pipeline to  avoid 
resonance and supp'ess circumferential and radial movements. 
Severe low frequency vibration o r  rhythmic surging in the Coachella 
Pipeline Distribution System was reduced to  normal operational 
levels by changing the natural periods of system sections t o  avoid i 
resonance, reducing the number of sections, and providing a snub- 
bing action. Fluttering in overfalling nappes a s  at Black Canyon Dam 
was eliminated by splitting the jets so that full aeration occurs under 
the nappes. 
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SUMMARY 

A review is made of instances where vibrations induced by fluid flow 
phenomena have occurred in Bureau of Reclamation structures. A 
variety of experiences a r e  cited including vibrations in radial gates, 
turbine runners, pumping plant discharge lines, an irrigation dis- 

.: tribution pipeline system, and overfalling nappes. Remedial meas- 
u res  for eliminating o r  greatly reducing the vibrations included 
elimination o r  reduction of the driving forces, avoiding resonant 

I~~TRODUCTION 



RADIAL GATES 

Vibration of sufficient magnitude to  cause operational difficulties, 
and even cracking in structural members, has occurred in several  
radial gate installations. In the cases where vibration occurred, 
the gates were discharging under differential heads of 5 o r  more 
feet, and backwater lay against the downstream side of the gate. 
Vibration was experienced only when gate openings were relatively 
small,  

The Kings River check structure in the Friant-Kern Canal, Central 
Valley Project,  California, was one of the first Bureau structures 
where vibration difficulty was reported. This check is at the 
entrance to  an inverted siphon and is controlled by a radial gate 
32 feet wide by 20 feet high. Vibration was first noticed in 1950; 
water depth was 8.09 feet on the upstream side of the gate, and 
about 3 feet on the downstream side. Under these head conditions, 
vibration occurred at  an opening of 0.9 foot. The discharge was 
approximately 390 cubic feet per second. The vibration was char- 
acterized by significant upstream and downstream movement of the 
gate face between structural-steel members. Frequencies and 
amplitudes were not measured. The vibration was temporarily 
stopped by placing wooden wedges between the edges of the gate and 
the concrete walls, and water deliveries were made for several  
weeks with this makeshift, but effective arrangement. 

Later  in the irrigation season, with upstream heads varying from 
11 to 12-112 feet over the canal invert, gate openings of 0.9 foot, 
and a discharge of 500 cubic feet per second, the vibration was much 
greater and could not be stopped by using wedges. The only success 
ful remedial measure available at the time was to lower the water 
surface against the upstream face of the gate by lowering the water 
level in the canal. Sandbagging, jacking against one wall, unequal 
lifting of the gate t o  obtain a nonsymmetrical opening, and stressing 
the gate by tensioning a cable either laterally across the back of the 
gate, o r  vertically across  it, were other measures that were tried 
with limited success. 

.\ 
In ensuing years, reports of vibration in a number of other radial 
eates were received. In some instances. conditions had been s o  
severe that fracturing had occurred in secondary and even in primary 
structural  members. One example is provided by Little Dry Creek 
check in the Friant-Kern Canal in California. During annual main- 
tenance of the structure in 1960, the left gate of this three-gate check 
was found to  be damaged (Figure 1A). Three of the 4- by 318-inch 
vertical t ie  bars  were fractured, and the 12-inch W F  beam second 
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several remedial designs were investigated on the gates at the Little 
~ r $  Creek check.strwcture. .-. . -: A l l  were based on the princilile of 
establishing a well-defined control point on the bottorr.:of the gate. 
In Gate No. 1 the music n o t e ~ e a l  was removed from-the entire gate 

r ip installed i n  
r e  stated as  

Another example is provided by the Ringold wasteway turnout near 
Ephrata, Washington, where a 20-foot-wide by 22-foot-high radial 
gate suffered severe structural fractures from deflections of a s  much 
as one-fourth inch at  a frequency of 5 cycles per  second. The verti- 
cal  movement was also severe snd caused failure of one of the wire 
lifting ropes. 

At the headwor~s  structure in Black Canyon Main Canal, Idaho, 
118-inch vibration amplitudes were measured in the 30-foot-wide by 
10.5-foot-high radial gate. Frequency was of the order of 10 cps. 
Observers stated, "It appears that the horizontal beams vibrated in 
the fundamental mode in an upstream-downstream direction. Not 
all of the beams vibrate at any one gate setting, and at  different 
settings different beams vibrate. At 0. 83 feet opening there is not 
only the vibration in the I-beam; but also an overall vertical vibra- 
tion that is transmitted through,the hoist cable and is noticeable in 
the movement of the reducing gears. There was no apparent shock 
transmitted through the a r m s  to  the pin bearing. " 

Analyses of these gate vibration p/6blems led to a study of the sea l  
geometry used at the bottom surface of radial gates (Figure 2, A 
and B). The pliable hollow music note seal  could deflect easily 
under the water loads s o  that at relatively small  openings the point 
of control, o r  spring point, on the gate could shift alternately from 
the deflected seal  to the supporting steel  immediately downstream. 
This rapid and continuous transfer  of control point was believed 
capable of inducing the serious vibration experienced in the gate 
structures. 



the 2- by 6-inch oak timber used on Gate No. 1 and by the flange 
bottom of the skinplate of Gate No. 3,' and also that fa.irly rigid 
rectangular rubber sea l  could be used successfully to replace the 
music note seal.  Satisfactory sealing with the experimental modi- 
fications indicates the weight of the gate would be  sufficient t o  
seal  with solid o r  rectangular rubber." 

Subsequent to  these and other field tests,  al l  Bureau of Reclamation 
radial gate designs have included the fixed control point design 
(Figure ZC). This design consists of a relatively hard (60 to  70 
Durometer) flat rubber seal  about 51 8-inch thick that is clamped 
along the lower face of the gate. A smal l  chamfer is provided on 
the  rubber s t r ip  and forms the spring point that actually controls 
the flow of water. 

tive pressures beneath the beam. The holes a r e  centered on the 
neutral axis of the beam, including the faceplate a s  part of the 
beam. Also, the lower half of the beam flange at the downstream 
en.d of the bottom I-beam is cut off and a bar  of equivalent strength 
i sadded  to the upper half of the flange. Heavier t ie  bars,  con- 
sisting of channel sections, a r e  used on the backs of the gates, and 
diaphragms a re  added under the channels between the bottom two 
o r  three beams. These design modificationsha~ve completely elimi- 
nated vibration and structural~problems in  radial gates under al l  

POWER AND PUMPING PLANTS 

at  Tracy Pumping Plant in California (Figure 3A). 



a = velocity of water-hammer wave travel in the conduit in feet 

ra i ls  induced by water 'flowing past an immersed cylinder a r e  shown 
n Figure 4A. 6 / Symmetrical eddies, alternately clockwise and 

counterclockw~se, form and then become detached from the down- 
s t ream side of the cylinder. The result i s a n  oscillating side thrust 
away from the last vortex. The frequericy of oscillation., n, is con- 
tained in the Strouhal number, nD/vo, "which varies with Reynolds 
number a s  shown. In the Strouhal relation, D is a characteristic 
dimension such a s  thediameter ,  and vo is the relative velocity of 

At Pa rke r  Dam the natural frequency of the blades in water was 
nearly the same a s  the 6 5  cps frequency of the vortex t ra i l  computed 
for the 1.25-inch-thick trailing edges of the blades. Resonance is 



water column of hydraulic turbines operating at  partial gate open- 
ings. 7 / The surging is caused by unstable vortices under the run- 
ner .  I n  most cases the surging can be eliminated by the admission 
of a i r .  Other cases have required baffles to  break up the vortices. 
As these vortices form and a re  swept away, the pressure gradient 
beneath the runner changes. This produces a corresponding change 
in discharge through the turbine. Slight water-hammer effects then 
occur in the penstock, and add to the draft tube surges to  create a 
further change in head on the turbine and variation in torque. Since 
the turbine is connected to  the generator, electrical output varies 
and power swings occur. The magnitude of the power swings 
apparently depends upon the relation between the frequency of the 
draft tube surges and the natural frequency of oscillation of the 
generator-power transmission system. Serious operational diffi- 
culties could occur i f  resonance were possible, but this seldom 
occurs. Draft tube surging was experienced at the Parker  Dam 
Powerplant, and measurements were made of draft tube pressure 
changes (Figure 5A). Similar low-frequency surging and vibration 
have also occurred at several other Bureau powerplants. Two of 
the methods used to  control o r  prevent the problem include injection 
of a i r  beneath the runner, and the installation of guide vanes in the 
draft tube. Much work remains to  be done in this a rea  t o  obtain a 
full understanding of the phenomenon, and thereby attain a complete 
solution. 

Severe vibration of the exposed portions of the 12-foot-diameter 
Grand Coulee Pumping Plant discharge lines (F igwe 5B) occurred 
when the units were first put into operation. 87 In some locations 

--the measured displacement of the pipe shel lwas nearly one-half 
inch. Recordings of these vibrations and of the water pressure 
pulsations inside the pipe at the exposed sections (Figure 6 ,  A and 
B) showed a basic frequency of Z3-l/ 3 cps. This frequency was 
traced directly to  the pump with the relation: 

Nn 200(7) 
F = ~ = T  

N = speed of pump rotation, rpm and 

n = number of blades. 

he first step taken to reduce vibration was to reduce the driving 
originating in  the pump. This was accomplished by removing 



clearance between the impeller and the diffuser section, removing 
20 inches from the tongue of the pump, and removing the splitter 
vane leading out of the pump (Figure 6C). The reduction in pressure  

.,. 
pulsations at  the pump a r e  shown in Figure 6D, where the upper 
chart is for an unmodified pump, and the lower is for a modified unit. 

. The second step t o  reduce vibration was to  stiffen the exposed sec- 
tions of steel  pipe. Originally these 12-foot-diameter sections 'were 
installed with stiffener ring anchor supports at  55-foot intervals 
(Figure 5B). Additional circular  ribs fabricated from 8-inch 
H-bearing pile sections were bolted in place around the pipe on about 
11-foot centers, and then securely welded to the pipe shell. The 
r ibs  proved effective due to  increasing the natural frequency of the 
spans by adding structural  dampings, by suppressing circumfer- 
ential vibration of the pipe shell, and by preventing radial deflection 
patterns from carrying f rom one span to the next. 

A s  a result of the pump modifications t o  reduce the forces initiating 
vibration and by stiffening the pipeline to reduce its tendencies to  
vibrate a t  the driving frequency, the vibrations were-'reduced to the 
point where many years of satisfactory service have been obtained 
without further dis t ress .  

PIPELINE DISTRIBUTION SYSTEMS 

A cyclic surging sometimes o c q r s  in pipe distribution systems pro- 
vided with overflow pipe stands. In some cases, a periodic variation 

e principal function 
s i n t h e  line to rela-  
-hammer pressures  
the stands were 
ecause of the higher 
ountered in a 

a pipeline. The 
0 seconds: In 
stands to be com- 



The first  case investigatedgl, 101, 111 Gas that of a single pipe 
reach between open pipe stznds: Theeffects of the inertia of the 
water in the pipe reach, of frictional resistance to flow, and of 
changes of level, y, in the downstream half of the pipe stand at the 
upstream end of the reach, were accounted for. These individual 
reaches have natural periods of oscillation given approximately by 
the formula 

.......................................... (1) 

where 

F = water surface area in the downstream half of the pipe stand 
at the upper end of the reach 

L = length of the reach 
A = cross-sectional area of the pipe 
g = acceleration of gravity 

The oscillation caused variations of flow and a periodic r ise  and fall 
of the water level, y, in the upstream pipe stand. 

flowing over the baffles. A profile sketch of a pipe stand system 
is shown in Figure 7B. 

- u 
reach into oscillation at the incoming frequency. If the period of the 
incoming flow variation and the natural period,.pf the reach a r e  widely 
separated, the amplitude' of the resulting osci*:%tion will be small. 
However, ,as the period of the incoming flow approaches the natural 
period of the reach, resonance occurs and a resulting oscillation of 
large amplitude can be produced. Resonance in vibrating systems 
is wellknown, but in the pipe reach it produces a surprising result. 
Because the bafflein the pipe stand at thelower end of the reach acts 

riation discharged,. at its lower end is greater than the amplitude 
ming:into it. Thera t io  of:the outgoing'to the incoming amplitudes 
controlled by friction, but the friction losses in pipelines a r e  pro- 

ortional to the  square of the velocity, and ,at..low flows friction is 

If the flow coming into a reach is separated into two parts, consisting 
of a steady average flow, Qo, and a superimposed sinusoidal varia- 

2 T~ 
tion, q sin -(t), the sinusoidal variation will attempt to set  the 
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Although these amplifica&on possibilities exist, a pipeline would 
still-run without surging if no source of initiating oscillations were 
present. An attempt to  find the most persistent of these sources by 

. fie1d:observation proved fruitless because of the impossi'!dity.of 
seeing into the pipes when water was running in them: A laboratory 
model was therefare built and fitted with windows and transparent 
pipe sections which would permit such observations to  be made 
(Figure 8A). The pipe stands were constructed of 20-inch-diameter 
steel  pipe fitted with sheet metal baffles with adjustable cres ts .  
These pipe stands were  connected by 125-foot lengths of 8-inch- 
diameter pipe which had 180" bends at midlength s o  that the pipe 
stands could be grouped together. P l ex ig l a s~  windows in the pipe 
stands permitted observers to  see  into the interior below water level. 
At the upper end of the system a half stand was attached to a head : 

box s o t h e  wall o f the  head box took the glace of the baffle. Water 
was pumped into this head box and entered the model by flowing into 
the half stand. A plu.nger, operated by a variable speed motor, pro- 
vided a means. of surge initiation. A length of transparent pipe was :, 
inserted in the 8-inch-diameter line at the half stand as  shown in -.. 

After watching the .flow conditions i<'the transparent pipe, the 
mechanism,$ the auto-oscillation which initiated the most persi?tent 
of the field surges became apparent. The nappe falling over the 

;baffle carried a i r  with it a s  it plunged into the pool on the downstream 
side of the pipe stand: This a i r  appeared a s  bubbles., Some of these 
floated back to the surface, but part  were carried into the pipe. 
These soon rose  to the top of the pipe and collected into a long bubble. 
The end of this long bubble is seen in Figure 8B. Because the pipe 
slopes; this long bubble tends to  float back upinto the pipe stand but 
isopposed by the impact of the water cominginto the pipe from the 
pipe stand. However, a s  the bubble grows, th6 bouyant forcegrows 
with-it and finally part of the bubble'blows back into the pipe stand. 
The volume vacated by the a i r  is immediately filled with water whose 
kinetic energy delivers an impulsecto the system and initiates an 
oscillation of smal l  amplitude. This oscillation has the natural period 
characteristic of the reach. The velocity changes associated with the 
oscillations-influence the t ime when the next blowback will occur. 

'Observation shows that this  occurs at a time in the cycle which wi l l  
permit energy to  be fed into the oscillation. ~he..accumulation and 
release of a i r  thereafter lock into step with the oscillation and feed 
enough energy into it to maintain it at  a small  ampli%ude. 
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in other ways. At any rate, experience seems t o  indicate that smal l  
amplitude surges a r e  always present. ~ v e n  the forces produced by 
winds blowing across  the tops of open pipe stands seem t o  be capable 
of causing small  initiating oscillations which can be amplified pro- 
gressively in the lower reaches. 

.X number of proposals were s tud ie j  in the model for  eliminating o r  
greatly,reducing the surging probzsm. These included adding fric- 
tion t o  obtain greater  damping; a i r  vents to reduce surge initiation; 
and baffle cres t  changes, siphons, and gates that reduced the.:effects 
of weir flows. None of these was successful. However, excellent 
results were obtained when airtight covers were placed over some of 
the stands. Field tests  substantiated their effectiveness. 

An analyticalstudy of  the effect of the covers was first attempted on 
a system with two pipe reaches having the common pipe stand cov- 
ered, > a s  shown in Figure 7B. This analysis was carried to the point 
where it became possible t o  compute'the natural periods. Two 

eriods were found. Also evident was the enormous work required 

icated situai 
reaches ,hav 



from these analog studies. The action is threefold. Briefly, they 
(1) change the natural periods so that the systems can be thrown out 
of phase, (2) they reduce the number of systems capable of qesonance, 
and (3)theyreplace the original reaches with the systems which 
resonate less freely. 

The. covers do not completely eliminate surges, but effectively and 
economically hold the surges within manageable limits. They have 
been in use in the field for a number of years and, with appropriate 

'.' vents and vacuum control units in them, a re  a thoroughly proven 
means of surge control in this type of distribution system. 

ge accruing from their use is the elimination of accumula- 

' - SPILLWAYS AND SPILLWAY GATES 

by ,T4,feet 6 inches high are  usedto control the quantities 



occurred on the gatis at frequencies ranging from 7 to 18 cycles 

ng the fact that shockwaves were freely-transmitted.through 



In a manner similar to  that found effective at Black Canyon Dam, 
splitters consisting of 8- by 8- by 112-inch angles were mounted 
so they extended horizontally downstream from the crests (Fig- 
ure 11B). Spacings of about 33 feet were used and all of the flutter 
at the Prosser Creek structure was effectively stopped. 

On the basis of these experiences, and the experiences of other 
domestic and foreign groups, a basic cause of the fluttering is appar- 
ently inadequate admission of air under the nappe. Usually the 
problem can be cured by splitting the nappes at inteyc-;Js not greater 
than perhaps 35 feet, so that adequate a i r  admissiomzan take place. 
Such splitters a re  now commonly used on gates and crests wherever 
the problem is likely to be encountered. 

CONCLUSION 
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C. The second from the bottom 12-inch W F  , , 

beam was cracked through the web and 
downstream flange. 
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FLOW-INDUCED VIBRATIONS IN USBR STRUCTURES 

Vibration-Induced Cracking in Left Gate of Little 
Dry  Creek Check--Friant Kern Canal, California 

I 





FIGURE 
REPORT HYC 

0 
P A. PRESSURE SURGES DUE TO WATER HAMMER 

TRACY P U M P I N G  P L A N T  
L = 5130 FT. 

V = 3600 FT. PER.  SEC.  

-. . 

RATIONS OF T U R  
I B L A D E  N 0 . 2  

OWER P L A N  







FIGURE 6 
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A .  RADIAL AND TANGENTIAL ACCELERATIONS OF PIPE SHELL 

B. PRESSURE P U L S A T I O N  AT E X P O S E D  SECTIONS OF 
PUMP-DISCHARGE L I N E  

Shaded areas indicate the location 
and amount o f  material removed 
by the modification. D. PERIODIC SURGE AT ~. 

DISCHARGE OUTLET. U N I T S  
C.  MODIFICATION OF PUMP P - 4  TO P - 3  AND P - 4  

REDUCE PRESSURE PULSATION 

O W -  I N D U C E D  V I B R A T I O N S  I N  U S B R  S T R U C T U R E S  
~-?:.- ::. 

URES, ACCELERATIONS, A N D  PUMP MODIF ICATIONS .fi-i-:=;:; 
GRAND COULE~E P U M P I N G  P L A N T  



Figure 7 
Report Hyd-538 
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A. Pipe stand overflowing due to surg- 
ing in pipeline system. 

B. Schematic view of pipeline system, with two reaches 
having common stand covered. 

FLOW-INDUCED VIBRATIONS IN USBR STRUCTURES 

Surging in Pipeline Distribution System 
and Profile of Pipe Stand System 



!. Figure 8 
Report Hyd-538 

A. Laboratory model  of distribu- 
tion system. 

B. Air  bubble entrapped in transparent  pipe section 
just downstream from a pipe stand. 

FLOW-INDUCED VIBRATIONS IN USBR STRUCTURES 

Laboratory Model of a Pipe Stand Distribution System 
and Flow in Pipeline Near a Stand 



A. Black Canyon Dam Spillway. 

I 

B. Fluttering nappe with 0.4-foot head. C. With log at one-third point on 64-  
fool gate flutter persists i n  wide 
portion of nappe. 

D. With log (splitter) in center of 64-foot-long gate, 
all flutter is eliminated. Head = 0 . 4  foot. 

FLOW-INDUCED VIBRATIONS IN USBR STRUCTURES 

Fluttering Nappe on Black Canyon Dam Spillway 
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ABSTRACT 

res due to  flow-induced Difficultiee encountered in USBR s t ruc tures  due to  flow-induced 
vibrations show tho need fo r  rccagnirring that s imi l a r  problems can 
occur eloewhere and indicate what measures  can be taken t o  avoid 
o r  control them. Vibrations severe enough to  interfere with ape r -  
ation and cause  s t ruc tura l  damage in severa l  radial  gate installa- 
tions in canal check s t ruc tures  were  caused by control shifting from 
the flexible bottom sea ls  to  the backing plate8 and back agnin. It 
was eliminated by redesigning the acols to  produce a positivc spring 
point. In Pa rke r  Dam Powerplant, ser ious  turbine runner  blade 
vibration was induced by vortex t ra i l s  in the flow behind the blades. 
Tapering the trailing edges of the blades changed the frcqucncy of 
vortex shedding and eliminated t hc  rcsonant condition. At Grand 
Coulee Pumping Plant vibration in ihu s tec l  portions of the discharge 
lines was greatly reduced by modifying the pumps to lower the mag- 
nitude of periodic impulscs, and by stiffening thc pipelinc to  avoid 
resonance and suppress circumferential  and radial  movements, 
Severe low, frequency vibration or rhythmic surging in the Coitchcllo 
Pipeline Distribution Systcm was reduced to normal  operntionol 

1 periods of sys tem sections to  avoid levels by changing the natural  periods of system sections t a  avoid 
rcsonancc, reducing thc numbcr of scctions, and providing a snub- 
bing action. 'Fluttering in averfalling nappes ae at  Black Canyon Dam 
was eliminated by splitting the jete so that full aeration occurs undcr 
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in USBR s t ruc tures  due t o  flow-induced Difficulties encountcrcd ~ ~ I - U S B R  s t ruc tures  due to  flow-induced 
vibrationsshow the  need fo r  recognking that s imi l a r  problems can 
&cur elsewhere and indicate what measures can be taken to  avoid 
o r  control them. Vibrations severc cnough to  in ter fere  with oper-  

: ation and cause s t ruc tura l  damage in eevera l  radial  gate installa- 
t ions i n  canal check s t ruc tures  were caused by control shifting f rom 
the flexible bottom sea l s  to  the backing plates ond back agnin. It 
wae eliminated by redesigning the aca ls  to  praduce a positive spr ing  
paint. In P a r k e r  Dam Powerplant, ser ious  turbine runner bladc 
vibration was induced by vortex t r a i l s  in tho flow behind the blndes. 
Tapering the trailing edges of the blades changed the  frequency of 
vortex shedding and eliminated the resonant condition. At Ornnd 
Coulee Pumping Plant vibration in the s t e e l  portions of the discharge 
lines was greatly reduced by modifying the pumps to lower the mag- 
nitude of periodic impulses, end by stiffening the pipeline t o  avoid 
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